2 institut national agronomique de tunisie, tunisie. 3 instituto español de oceanografía, centro oceanográfico de baleares, Palma de mallorca, spain. 4 instituto español de oceanografía, málaga, spain.
intRoduction sardine (Sardina pilchardus) is the most abundant small pelagic species in tunisian waters. it represents 39.4% (13197 t) of the small pelagic production and 14.3% of the total tunisian fleet landings (dGPa, 1999 (dGPa, -2004 . it is currently consider underexploited because only 38% of the exploitable biomass, estimated at 35000 t (ben abdallah et al., 2004 ) is being fished. small pelagic fisheries show high inter-annual fluctuations of abundance and distribution, which are related to environmental variables affecting early life stages and hence recruitment (jacobson and maccall, 1995; borja et al., 1996; allain et al., 2001; brander and mohn, 2004) .
the reproductive cycle of the tunisian sardine was studied by kartas (1981), Gaamour et al. (2004) and khemiri (2006) and its reproductive seasonality agrees fairly well with sardines from the alborán sea (Rodriguez, 1990) , the nW mediterranean (olivar et al., 2003; Palomera et al., 2007) , the adriatic (karlovac, 1967) and the e mediterranean (somarakis et al., 2006) . However, to date no studies have focused on its early life stages.
this study was carried out in the Gulf of tunis ( fig. 1) , which opens at its northern boundary to the central mediterranean, reaching maximum depths of 130 m. northeast of this gulf we find the sardinia channel, and towards the northwest the sicilian strait, which channels the water mass exchange between the Western and eastern mediterranean basins. in the strait of sicily, surface modified atlantic Water (maW), with low salinity, flows into the eastern mediterranean, while the levantine intermediate Water (liW) enters the Western mediterranean. inflowing currents from the maW enter the Gulf of tunis, reaching the bay of tunis in the south (kouki, 1984) . the Gulf also receives the outflow of the most important river in tunisia: the majreda River situated on the western coast.
this study presents the first information on the spatio-temporal distribution of sardine eggs and larvae in relation to environmental bio-physical parameters: temperature, salinity, nitrate, chlorophyll a and nitrate concentration and diatom and zooplankton abundance. it was carried out within the framework of the essatel research project, whose general objectives were to study the complete life cycle of small pelagics and estimate their biomass in order to determine a sustainable exploitation of these resources. mateRial and metHods four ichthyoplankton surveys (named esPoiRs) were carried out on board the R/V Hannibal. they were conducted seasonally, in summer (26-30 august 2002), autumn (21-25 october 2002), winter (13-17 february 2003) and spring (11-15 april 2003) . samples were taken from 29 stations covering the whole Gulf of tunis ( fig. 1 ): 27 over a grid of 4.8 x 6 nautical miles in east-west and north-south directions, respectively, and 2 near the majreda and meliane river estuaries.
surface temperature and salinity were measured for each station by means of a WtW probe, and surface seawater samples were obtained with a niskin bottle. Water samples for nitrate and chlorophyll a were filtered through Whatman Gf/c filters, which were kept frozen (-20°c) until being assessed by colorimetric analysis. the filtered water was analysed to determine the nitrate concentration using the method of strickland and Parsons (fao, 1975) . Phytoplankton water samples were preserved in 2% buffered formalin until analysis. diatoms were identified and counted by means of a reversed microscope following the utermöhl method (throndsen, 1995) .
Zooplankton and ichthyoplankton were sampled by oblique tows with a bongo net of 60 cm mouth diameter, fitted with 335 µm mesh nets. the vessel speed was 3 knots. maximum sampled depth was 100 m, wherever possible, or about 5 m above the bottom where the water depth was shallower. a Hydro-bios flowmeter was fitted to the net mouth to estimate the volume of water filtered, which ranged from 51 to 233 m 3 . at the very shallow stations (depth <15 m) horizontal hauls were performed in order to filter enough water (mean value >126 m 3 ). Plankton samples were preserved in 4% buffered formalin. in the laboratory, sardine eggs and larvae were sorted and counted with the aid of a binocular microscope. in parallel, 10% of each sample was taken to count the other zooplankton (>335 µm) organisms.
eggs and larvae at each station were standardised to numbers beneath 10 m² of sea surface area as described by smith and Richardson (1977) , whereas the abundance of other zooplankters was standardised to number of individuals per 10 m 3 . environmental parameters and sardine egg and larval abundance distributions were mapped using the surfer software package (Golden software inc.), applying the krigging interpolation method and the isotropic linear variogram model. Principal component analysis (Pca) was applied to the data from the winter survey, considering depth, temperature, salinity, nitrate, chlorophyll a, diatoms and zooplankton as active variables, and sardine egg and larval abundance as supplement variables. Pca, anoVa and correlations between parameters were performed using statistica software (statsoft inc.).
Results

Environmental parameters
in summer, the maximum sea surface temperature (25.5°c, sd=0.22) was fairly homogeneous over the survey area ( fig. 2) . in autumn, temperature decreased to 21.8°c and the lowest temperature was reached in winter (13.4°c). in winter, positive temperature gradients (4.2°c) from south to north and from west to east were recorded. colder waters (10.5°c) were located south-east of the River majreda mouth, and warmer waters (more than 14°c) were observed near Zembra island and cape bon. in spring, there was a mean temperature increase of 2.7°c, reaching an average of 16.1°c, sd=0.86. a slight negative gradient from west to east was observed.
summer and autumn sea surface salinity (sss) distributions showed great similarity, with average sss values of 37.3, sd=0.18 and 37.0, sd=0.16 ( fig. 3 ) and weak horizontal variations of 0.7 and 0.5, respectively. Winter and spring sss distributions were also similar. the lowest salinities in these seasons, 22.3 in winter and 29.5 in spring, were located south the River majreda estuary and positive gradients were recorded in the same direction (west-east). nitrate concentrations were low in summer and autumn, showing some heterogeneity, but were higher in winter (1.26 µmol/l, sd=0.47) and spring (0.90 µmol/l, sd=0.33), in both of which the highest concentration (>1.80 µmol/l) was detected to the south of the Rivers majreda and meliane ( fig. 4) . as observed for salinity, nitrate concentrations showed a negative gradient from west to east.
in consonance with nitrate concentrations, the lowest concentrations of chlorophyll a were recorded in summer (0.41 mg/m 3 , sd=0.27) and autumn (0.43 mg/m 3 , sd=0.34), when relatively high concentrations were observed to the south of the bay of tunis ( fig. 5) . during winter and spring, concentrations increased significantly to average values of 1.11 mg/m 3 , sd=0.46 and 1.27 mg/m 3 , sd=0.88, respectively. the highest concentrations (>1.7 mg/m 3 in winter; and >2.7 mg/m 3 in spring) were observed near the majreda estuary and cape bon. However, in spring there were also high concentrations in the centre of the Gulf and north of Zembra island.
Biological factors
diatoms were most abundant in winter (1159 cells/l, sd=1482) and spring (1044 cells/l, sd=1505) than in summer (300 cells/l, sd=322) and autumn (552 cells/l, sd=467). the highest concentrations were localised in winter near the majreda estuary (5900 cells/l) and cape bon (4700 cells/l), and in spring (>5000 cells/l), also near cape bon and at Zembra island ( fig. 6 ).
Zooplankton abundance was low in summer (451 ind./10 m 3 , sd=318.9) and autumn (636 ind./10 m 3 , sd=448.7) and high in winter (856 ind./10 m 3 , sd=620) and spring (1096 ind./10 m 3 , sd=921.2). in summer and autumn the highest abundances were observed close to the coasts ( fig. 7) , whereas in winter and spring they were detected offshore, in the centre of the Gulf in spring and south of Zembra island in winter.
Distribution of sardine eggs and larvae
sardine eggs were present only in autumn and winter, with average abundances of 23, sd=52 and 257 eggs/10 m², sd=638, respectively. in autumn, two patches of relatively high abundance were lo- fig. 8 ). in winter, eggs were concentrated in the northwestern part of the gulf, with a maximum abundance near Zembra island (2805 eggs/10 m²) and north of cape bon (1733 eggs/10 m²). no eggs were found in the southern and western parts of the Gulf. overall, sardine eggs were more abundant in the 75-100 m stratum.
Higher mean abundance of sardine larvae was recorded in winter (38 larvae/10 m², sd=64). the larvae were widely spread over the Gulf ( fig. 9 ), but the highest abundance (288 larvae/10 m²) was located to the south of Zembra island, where the highest abundance of eggs was also found. autumn and spring abundances were lower than 1 larva/10 m² and larvae were only caught at 2 and 3 stations, respectively. in autumn, larvae were found northwest of the gulf and northeast of cape fartas, whereas in spring they were mainly concentrated near the estuaries of the Rivers majreda and meliane.
in winter, sardine eggs and larvae represented 39% and 41% of total pelagic eggs and larvae, respectively. Pca of the winter survey data ( fig. 10a) showed that temperature, nitrate concentration, depth, salinity and zooplankton abundance in Pca factor 1 and diatoms and chlorophyll a in Pca factor 2 were the variables helping to explain the Pc axis. the two main axes accounted for 52.31% and 21.06% of the total variance, respectively (a sum of 73.37% of the total). sardine egg and larval abundance was positively correlated with zooplankton abundance and negatively with nitrate and chlorophyll a concentrations ( fig. 10b, table 1) . the examination of the similarity between stations ( fig. 10b, table 2 ) allowed 3 groups to be identified: -i: characterised by higher depths, warmer and saltier waters, low concentrations of nitrate and chlorophyll a and higher egg abundance (778 /10 m²) (table 2).
-ii: showing intermediate environmental conditions.
-iii: characterised by shallower depths, lower temperature, salinity and zooplankton abundance and higher concentrations of nitrate, chlorophyll a and diatoms.
stations 12 and 21 were rather different from the rest of the stations. station 12 had the lowest temperature and salinity, a high nitrate concentration and a low chlorophyll a concentration and zooplankton abundance. station 21 had the shallowest depth and the highest chlorophyll a and diatom concentrations. the anoVa analysis of groups (i, ii and iii without taking into account stations 12 and 21) showed significant differences for all parameters, except for diatom concentrations (table 3) . discussion the hydrographical situation showed two clearly distinguishable periods. the first, summer-autumn, was characterised by high temperatures and salinities and low chlorophyll a and zooplankton concentra- tions. the second, winter-spring, showed the opposite characteristics. in the later period, the increase in nitrate concentration, particularly in the upper layer, seems to be related to river enrichment and mixing processes. as a result, in this period chlorophyll a and zooplankton concentrations increase. the described situation is in agreement with the results obtained previously by daly yahia-kéfi (1998) and daly yahia-kéfi et al. (2005) in the bay of tunis, showing that the main bloom of phytoplankton, in particular diatoms, takes place in winter, and that higher zooplankton abundances occur during the winter-spring period, as daly yahia (1998) observed. We noted that the spatial distribution of both groups was different, with phytoplankton being more abundant near the coast and zooplankton being concentrated in the deeper areas of the Gulf.
Regarding the spawning seasonality of sardine, from our observations we can infer that the species begins to spawn in autumn and attains its peak in winter, as reported for other areas of the Western mediterranean (Rodriguez, 1990; Palomera and olivar, 1996; alemany et al., 2006) . in spring, although the sst (16.1°c) was lower than that of autumn (21.85°c), no sardine eggs were found. spawning seems to be triggered by the effect of water cooling (aldebert and tournier, 1971; Palomera et al. 2007) and spawning intensity decreases as temperature increases (solà et al., 1992) .
Previous studies in tunisian waters based on gonadosomatic index (Gsi) also showed that sardines spawn in winter (kartas, 1981; Gaamour et al., 2004; khemiri, 2006) , which is in agreement with our results and with those reported for other areas of the mediterranean and atlantic. indeed, the spawning season of sardine extends from october to may, with a spawning peak occurring in january-february (Gómez larrañeta, 1960; Palomera and olivar, 1996; olivar et al., 2003) . in the adriatic sea, (dulcic and Grbec, 2000) sardines spawn when temperature ranges between 11. 4 and 19.3°c (karlovac, 1967) . in the estuary of Vigo (northern spain) sardines spawn from november to july, with temperatures of 10 to 16°c (ferreiro and labarta, 1984) . off Portuguese coasts, spawning takes place predominantly from november to april (figueiredo and santos, 1989; Ré et al., 1990; Zwolinski et 
